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Diamond-based quantum magnetometers are more sensitive to oscillating (AC) magnetic fields
than static (DC) fields because the crystal impurity-induced ensemble dephasing time T ∗2 , the rele-
vant sensing time for a DC field, is much shorter than the spin coherence time T2, which determines
the sensitivity to AC fields. Here we demonstrate measurement of DC magnetic fields using a phys-
ically rotating ensemble of nitrogen-vacancy centres at a precision ultimately limited by T2 rather
than T ∗2 . The rotation period of the diamond is comparable to T2 and the angle between the NV axis
and the target magnetic field changes as a function of time, thus upconverting the static magnetic
field to an oscillating field in the physically rotating frame. Using spin-echo interferometry of the
rotating NV centres, we are able to perform measurements for over a hundred times longer compared
to a conventional Ramsey experiment. With modifications our scheme could realise DC sensitivities
equivalent to demonstrated NV center AC magnetic field sensitivities of order 0.1 nT Hz−1/2.
INTRODUCTION
Precision sensing of low-frequency and static fields is
of interest to applications such as low-field NMR [1],
magnetoencephalography [2] and the study of magnetic
structures [3–5], biological samples [6, 7] and magnetic
anomaly detection [8]. Most magnetic sensors exhibit re-
duced sensitivity at low frequency and DC; for example,
SQUIDs [9] are subject to noise with a 1/f frequency de-
pendence and thus exhibit better sensitivity to AC mag-
netic fields than low-frequency or DC fields. For quantum
sensors based on nitrogen-vacancy (NV) electron spins
in diamond [10, 11], the DC magnetic field sensitivity is
limited by the ensemble dephasing time T ∗2 [12] which
is determined by phase-incoherent sampling of magnetic
or electric fields originating from other spins within the
crystal, as well as other factors such as variations of tem-
perature [13, 14]. Inhomogeneous broadening across an
ensemble of NV sensors due to crystal strain or magnetic
gradients has similar effects [15]. Detecting an AC field
with frequency f ∼ 1/τ using a spin-echo sequence [16]
with interpulse spacing τ refocuses perturbations caused
by low-frequency noise on a shot-by-shot basis, and ex-
tends the maximum sensing time to τmax ∼ T2, the elec-
tron spin coherence time [17]. T2 is typically several or-
ders of magnitude larger than T ∗2 , resulting in sensitivity
improving by
√
T ∗2 /T2, but at the expense of insensitiv-
ity to DC magnetic fields. In this work, we demonstrate
a quantum magnetometry method based on an ensemble
of rotating spin qubits which can detect DC magnetic
fields with a sensitivity ultimately limited by T2, rather
than T ∗2 .
Our technique upconverts the DC magnetic field to
AC by rotating the host diamond crystal with a period
comparable to T2 [18, 19] in a way that modulates the
coupling between the NV center and the magnetic field
to be detected. With the NV crystal axis at an angle
θNV to the rotation axis and a small target DC magnetic
field transverse to the rotation axis, the Zeeman shift of
the NV is modulated at the rotation frequency in propor-
tion to the DC field. Since the NV Zeeman shift is now
time dependent, we can use rotation-synchronized spin-
echo AC magnetometry, which refocuses in-crystal noise
and extends the maximum sensing time to T2  T ∗2 .
Upconversion using sensor rotation means the field to
be detected remains fundamentally DC, and yet allows
AC magnetometry with the measurement frequency and
phase well-defined and synchronised to the rotation of the
diamond. We demonstrate more than a hundredfold in-
crease in DC field sensing time τ , from τ = T ∗2 to τ ≈ T2,
and a correspondingly enhanced response to DC fields
relative to the best conventional Ramsey magnetometry
possible with our diamond sample. Our method could
bring to DC field sensing with the NV center sensitivities
comparable to diamond-based AC magnetometers [20].
MAGNETIC SENSING AT DC WITH
SOLID-STATE SPINS
Coherent quantum sensing with solid-state spin sys-
tems takes place amongst interactions between the cen-
tral sensor spin and a surrounding bath of other spins. In
bulk diamond, these bath spins are typically either sub-
stitutional nitrogen (P1) electron spins [21–23] or 13C nu-
clear spins [24]. Due to the projective nature of quantum
measurement and very low photon collection efficiencies,
it is generally necessary to average measurements over
integration times well in excess of typical bath corre-
lation timescales. As a result, the perturbations from
bath spins are incoherently averaged, leading to dephas-
ing on a timescale of T ∗2 . Here, T
∗
2 refers to dephasing
over repeated projective measurements, rather than the
conventional NMR definition which typically pertains to
inhomogeneous precession in an ensemble of spins [25].
A simple solution that improves DC and AC magnetic
sensitivity in NV diamond magnetometers consists of us-
ing istopically-pure 12C diamond samples [26]. However,
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2for practical magnetometry the high densities of nitrogen
required for ensemble densities of NV centres result in T ∗2
being far lower than that set by the depleted 13C limit.
Driving the bath spins using resonant radiofrequency has
been shown to average the perturbative effect and in-
crease T ∗2 [27] though the demonstrated increase remains
well below the T2 limit [15]. A number of alternative
measurement schemes exist to improve NV magnetic sen-
sitivity to low-frequency and DC magnetic fields, which
have focused on level-crossing dynamics [28], ancillary
nuclear spins [29], improving collection efficiency using
IR-absorption magnetometry [30] and creating an NV-
based lasing cavity [31].
Up-conversion using rotation is a simple alternative
that brings the benefits of AC measurement to DC sens-
ing, with the particularly attractive feature that the only
required modification is sensor rotation. A similar pro-
cedure is demonstrated in Ref. [32], where rotating a
SQUID gradiometer was shown to upconvert DC mag-
netic signals of geophysical origin to the rotation fre-
quency (tens of Hz), away from 1/f noise. In Ref. [33],
a magnetic tip attached to a tuning fork resonator was
used to rapidly modulate the position of the tip relative
to a single NV. The strong field gradients from the tip
resulted in modulation of the NV Zeeman shift with the
tip movement, and spin-echo magnetometry measured
the up-converted DC magnetic field. Up-conversion with
sensor rotation as demonstrated in our work relies on the
vector properties of the magnetic field, rather than mod-
ulating the source of the magnetic field to be measured,
and is therefore equally applicable to microscale sensing
with rotating single qubits [19] and macroscopic sensing
with large ensembles of NV sensors.
EXPERIMENT
The experimental setup and methods are depicted in
Fig. 1 and are similar to those described previously [18,
19]. A diamond containing an ensemble of NV centers is
mounted to the spindle of an electric motor that rotates
at 200,000 rpm (3.33 kHz). In the stationary coordinate
system with z′ the NV axis, the Hamiltonian is time-
independent and given by
H = DzfsS
2
z′ + γS ·B, (1)
with the electron gyromagnetic ratio γ = 28 GHz T−1,
S = (Sx′ , Sy′ , Sz′) the spin vector, Dzfs = 2.87 GHz
the zero field splitting and B the magnetic field. When
γ|B|  Dzfs, the Zeeman shift term depends only on the
strength and orientation of the magnetic field. If the NV
axis is then rotated around z at an angular frequency
Ω in the presence of a magnetic field with, for example,
a transverse y-component B = (0, By, Bz), the Zeeman
shift becomes time-dependent, and the mS = 0→ mS =
−1 transition frequency is given by
ω(t) =Dzfs − γ [Bz cos (θNV)−By sin (θNV) cos (Ωt− φ0)]
≡ω0 + γBUC(t), (2)
with θNV the angle between the NV axis and rota-
tion axis, φ0 some arbitrary initial phase, ω0 = Dzfs −
Bz cos (θNV) and BUC(t) = By sin (θNV) cos (Ωt− φ0) the
up-converted DC By field, oscillating at the rotation fre-
quency. Rotation of the NV axis modulates the Zeeman
shift at the rotation rate, and the projection of the DC
field parallel to the NV axis By sin (θNV) yields sensi-
tivity to the transverse field component By in the NV
frame.
The diamond sample we use is a (111)-cut electronic
grade sample grown using chemical vapour deposition,
containing natural (1.1 %) abundance 13C and an NV
concentration of 1015 cm−3. Of the four orientation
classes present in the diamond, one makes an angle of
3.8◦ to the rotation axis while the other three make an-
gles of approximately 106◦, 112◦ and 111◦. While the
sensitivity to a magnetic field transverse to the rotation
axis is proportional to sin θNV, we use the orientation
class with θNV = 3.8
◦. Although three orientation classes
make large obtuse angles (sin θ ≈ 0.93) to the rotation
axis, the requirement to form an addressable two-level
system for quantum measurement necessitates a static
bias field to break the degeneracy of the mS = ±1 states
of the NV ground state. In the presence of this bias field,
which must be parallel to the rotation axis, these three
orientation classes are essentially degenerate, and mea-
surement of a particular class using state-dependent pho-
toluminesence becomes essentially impossible. We there-
fore choose to address the NV orientation class almost
parallel to the rotation axis, since this greatly simplifies
our measurement protocol. This limitation can be cir-
cumvented with diamonds containing single NV centres,
preferentially oriented NVs [34] or crystals polished to an
appropriate angle, as detailed in the Discussion.
In the presence of a 5.7 mT magnetic bias field par-
allel to the rotation axis, the two-level splitting of the
mS = 0 and mS = −1 Zeeman states is 2.711 GHz and
we use microwave pulses resonant with this transition
to control the populations and coherences for quantum
sensing. A microscope objective mounted on a scanning
piezoelectric stage focuses 532 nm light to a 600 nm spot
and directs red fluorescence emitted by the NV centers
onto an avalanche photodiode, in a confocal microscope
configuration. A 20µm diameter copper wire located
100µm above the diamond surface is used to apply mi-
crowave fields. Magnetic fields are applied using a single
multi-turn coil coaxial with the motor spindle, behind
the diamond. Coil pairs along the x and y axes are used
to create the test fields for rotational up-conversion. A
1.0 mm thick mu-metal shield on the front face of the mo-
tor screens the diamond from magnetic fields originating
from the pole pieces of the motor.
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FIG. 1. Experimental configuration and rotational up-conversion procedure. (a) Outline of the NV centre in diamond showing
coordinate frame and effective two-level system. (b) A diamond containing an ensemble of NV centres is mounted to a high-
speed electric motor that rotates the diamond around an axis z at up to 200, 000 rpm (3.33 kHz). One of the four NV orientation
classes (z′) makes an angle of θNV ≈ 4◦ to the rotation axis. A 5.7 mT magnetic bias field is aligned parallel to z. When a
transverse magnetic field By is applied, the Zeeman shift of the NV becomes time dependent since it is proportional to B(t) · zˆ′
in the NV frame. The time-dependent magnetic field can then be measured with a spin-echo pulse sequence performed in the
physically rotating frame, with the relevant sensing timescale now determined by T2 rather than the ensemble dephasing time
T ∗2 . (c) Experimental setup. The motor controller outputs a pulse synchronous with the rotation which triggers an FPGA
pulse generator. The FPGA outputs a spin echo pulse sequence, consisting of laser preparation and readout pulses (separated
by one rotation period) and a pi/2-pi-pi/2 (3pi/2) microwave pulse sequence with pulse spacing τ/2. Laser light is focused onto
the centre of the diamond rotation with a high-NA objective, which also collects the emitted photoluminesence and directs it
onto an avalanche photodiode.
Optical preparation, readout and microwave state ma-
nipulation sequences are synchronized to the rotation of
the diamond using a pulse generator triggered by the
electric motor phase synchronization signal. The trigger
ensures phase synchronicity with the up-converted field,
and can be delayed in order to synchronize the interfero-
metric sequence to any particular phase. We operate with
the focus of the preparation and readout laser beam po-
sitioned as close as possible to the rotation centre of the
diamond to reduce the effects of NV motion during quan-
tum state preparation and readout. A 3µs laser pulse is
applied to prepare the NV ensemble into the mS = 0
state, followed by a pi/2 − pi − pi/2 spin-echo microwave
pulse sequence with interpulse spacing τ/2. The fluo-
rescence contrast Si from 105 or more repetitions of the
experiment with a final pi/2 projection pulse is compared
to a sequence with the final pi/2 pulse replaced with a
3pi/2 pulse in order to compute a normalised spin echo
signal S = (Spi/2 − S3pi/2)/(Spi/2 + S3pi/2).
COHERENCE OF ROTATING QUBITS
Before proceeding to a demonstration of rotational up-
conversion magnetic sensing, we briefly examine deleteri-
ous effects of physical rotation or up-converted noise by
performing a simple experiment: comparing the station-
ary and rotating spin-echo signals. For diamonds con-
taining < 1 ppm N and natural abundance 13C, the de-
phasing time is at most ∼ 3µs due to phase-incoherent
sampling of the nuclear magnetic dipole fields by the NV
during a Ramsey measurement [11]. Weaker dipolar-
mediated 13C spin flip-flops limit the maximum spin-
echo coherence time T2 to a few hundred microseconds.
Since the spin-echo signal is modulated by the 13C in-
teraction, measurement contrast is limited to revivals
spaced at multiples of twice the nuclear spin Larmor
precession period [24]. Ensuring spin-echo contrast ex-
ists amounts to satisfying τ = j(2γ13CBz)
−1 < T2, with
γ13C = 10.7 MHz T
−1 and integer j. Figure 2 shows the
stationary Ramsey and spin-echo signals compared to the
spin-echo signal with the diamond rotating at 3.33 kHz,
at a common bias magnetic field strength ofBz = 5.7 mT.
The Ramsey signal decays rapidly, with a characteristic
time of T ∗2 = 0.71(6)µs. The spin-echo signals exhibit
the characteristic 13C modulation with an overall deco-
herence envelope exp (−(τ/T2)n) due to nuclear spin bath
dynamics [35]. The decoherence time T2 and decay expo-
nent n change depending on the strength of the magnetic
field [36].
An obvious difference between the stationary and ro-
tating spin-echo signals is a shift in the revival times, due
to rotation of the diamond. In this experiment, rotation
opposes the precession direction of the 13C nuclear spins,
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FIG. 2. Coherence of rotating NV ensemble. (a) Station-
ary NV Ramsey data (grey circles) and NV spin-echo signal
at Bz = 5.7 mT when stationary (blue circles) and when ro-
tating at 3.33 kHz (orange squares). A rotationally-induced
magnetic pseudo-field adds to Bz for the rotating data, shift-
ing the position of the 13C revivals. Refer to Fig. 3(a) for
representative error bounds. (b) Detail of Ramsey contrast
showing T ∗2 decay envelope due to quasi-static ensemble de-
phasing. The oscillations present in the Ramsey data are due
to the 14N nuclear hyperfine interaction. Inset: for compari-
son, the decay envelopes of rotating and stationary spin-echo
signal, with effective T2 time and decay exponent (see main
text) allow for > 100 times longer interferometric interroga-
tion. Error bars derived from uncertainty in Gaussian fits to
spin-echo revivals.
resulting in a 0.31 mT magnetic pseudo-field adding to
the bias magnetic field for the 13C spins [18]. Rotating-
NV sensor spin-echo coherence exists well beyond the T ∗2
limit with no other substantial difference between rotat-
ing and stationary NV spin-echo signals. This demon-
strates that no significant noise sources are introduced to
the spin-echo measurement due to the physical rotation
of the diamond. For the data shown in Fig. 2 the spin-
echo pulse sequence was not synchronized to the rotation
of the diamond and we used a measurement scheme de-
scribed previously in Ref. [18]. Any misalignment of
the bias magnetic field from the rotation axis then man-
ifests as an up-converted field with random phase, which
reduces the measured T2. Nevertheless, we observe in-
terferometric contrast of a comparable magnitude to the
stationary spin-echo signal in the vicinity of the fourth
13C revival, near τ = 124µs, and use this as the sensing
time to demonstrate rotational up-conversion.
DC MAGNETOMETRY WITH ROTATIONAL
UP-CONVERSION
For maximum phase accumulation and hence best sen-
sitivity, the spin-echo measurement time should be equal
to the period of the up-converted field; that is, the ro-
tation period. However, the required rotation speeds
(T−12 = 7 kHz) cannot be sustained by our motor for the
extended durations required to achieve adequate photon
counting statistics. We therefore used frot = 3.33 kHz,
and adjusted the sequence timing (which is always phase
synchronous with the up-converted DC field) so that each
half of the spin-echo sequence measures an equal and op-
posite phase either side of the up-converted field zero
crossing (Fig. 3(a))[37]. We then varied the applied By
field by changing the current in the y-oriented coil pair.
Figure 3(b) shows the spin echo signal for a measure-
ment time of τ = 124µs as a function of the applied
By field, confirming DC fields can be detected using ro-
tational up-conversion. In Tint = 300s of measurement
time, we perform 2.5 × 105 repetitions of both pi/2 and
3pi/2 readouts. The minimum detectable field is given by
δBmin = σ(dS/dB)−1, (3)
with σ the standard deviation of the spin-echo signal
S taken from three repeated measurements. For this
data we find δBmin = 0.33(2)µT, with a correspond-
ing sensitivity per unit bandwidth of η = Bmin
√
Tint =
5.8(4)µT Hz−1/2 at DC.
COMPARISON WITH STANDARD RAMSEY DC
MAGNETOMETRY
The operational sensitivity determined for DC up-
conversion magnetometry is modest in comparison to
other NV-based DC sensors based on ODMR or Ram-
sey interferometry [11]. The operating sensitivity, which
derives from the minimum detectable field (Eq. 3), de-
pends on many factors specific to individual experiments,
such as collection efficiency, state manipulation fidelity
and the magnitude of noise in the environment where the
sensor is evaluated. The focus of this work is the response
of the NV interferometric signal to an applied magnetic
field, as the process of up-conversion demonstrated here
primarily increases the magnetometer response dS/dB.
For this reason, we compare the response of our rota-
tional up-conversion magnetometry to conventional, sta-
tionary Ramsey interferometry in the same experimental
environment (Figure 4(a)).
To compare up-conversion magnetometry to Ramsey,
the diamond is first held static and oriented so that the
NV axis is tilted toward the y-axis, ensuring maximum
possible sensitivity along this axis. In this configura-
tion (denoted Ramsey-y), the NV axis makes an angle
of θy = 86.2
◦ to the y-field, and the Zeeman shift of
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FIG. 3. Rotational up-conversion magnetometry results.
(a) We use an interrogation time of τ = 124µs at a rotation
speed of 3.33 kHz, at which the fourth 13C revival provides the
optimum signal to noise for AC magnetometry. The pi-pulse
of the echo sequence is concurrent with the zero-crossing of
the Zeeman modulation from the up-converted DC field, so
that equal and opposite phase shifts (φ1 = −φ2) are accumu-
lated on each side of the pulse sequence, yielding the maxi-
mum sensitivity for τ less than one rotation period (300µs).
The statistical error bars are smaller than the data points.
(b) Spin-echo signal at τ = 124µs for an additional field ap-
plied along the y-axis, orthogonal to z. Error bars are stan-
dard deviation of three repeated measurements at each By
consisting of 2.5 × 105 repetitions of an echo sequence with
pi/2 and 3pi/2 readout. Lines are sinusoidal fits and shaded
regions denote average error bounds.
the mS = −1 transition is still linearly approximated by
ω0 + By cos(θy) for By < 0.5 mT [38]. While Ramsey-y
serves as a like-for-like comparison between upconverted
and stationary measurement of a transverse field, it is
not representative of the optimum DC magnetometry in
our setup, which would align the test field along the NV
axis. We therefore also compared the Ramsey response
to a z-oriented field (Ramsey-z), which makes a much
smaller angle of 3.8◦ to the NV axis. Due to the smaller
angle to the NV axis, the magnetometer is 15 times more
sensitive to a change in the z-field compared to a change
in the y-field of equal magnitude, and is essentially the
best DC magnetometry possible with our experiment,
γeBz cos 4
◦ ≈ γeBz. Figure 4(b, c) shows the interfer-
ometry signals from rotational up-conversion sensing of
a y-field (RU-y) and stationary Ramsey-y and Ramsey-z
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FIG. 4. Comparison between rotational up-conversion and
standard DC Ramsey magnetometry. (a) Configurations of
NV axis and magnetic field vectors for Ramsey-y, Ramsey-
z and RU-y. All experiments were conducted with a B0 =
5.7 mT magnetic bias field parallel to the rotation axis. Spin-
echo magnetometry signals for (b) y-Ramsey (grey circles)
and z-Ramsey (green circles) compared to rotational up-
conversion (orange squares) (c). All measurements consist of
average signal from three separate acquisitions of 106 experi-
mental repetitions (Ramsey) and 2.5× 105 repetitions (RU),
error bars denote standard deviation. Lines are sinusoidal fits
and shaded regions denote average error bounds. (d) Com-
parison of linear regions of magnetometer signal for all three
techniques, with the B-axis scaled so that all traces intercept
at B = 0.
interferometry with τ = 0.86µs[39].
The central result is shown in Figure 4(d), where we
compare the response of the interferometric signal to an
applied magnetic field for all three techniques, and the
consequent sensitivity parameters are summarised in Ta-
ble I. Rotational up-conversion offers a substantial in-
crease in the magnetometer response dS/dB: 50 times
larger than Ramsey-y and 9 times larger than Ramsey-
z. These measurements confirm the basic premise of
6our technique: a longer measurement time, and thus in-
creased sensitivity, is possible only because of elimination
of the nuclear spin bath dephasing. However, the signal
noise in rotational up-conversion measurements is almost
twice that of Ramsey-y, which is in turn almost 1.6 times
greater than Ramsey-z [40]. Combined with the longer
integration time of the up-conversion measurements com-
pared to the Ramsey measurements, this leads to a com-
parable sensitivity per-unit-bandwidth for up-conversion
and Ramsey-z in the current setup with low θNV.
Some increased noise of the up-converted DC signal is
expected, because roughly four times fewer photons are
collected in the 300 s integration time used for rotational
upconversion compared to the shorter Ramsey experi-
ments, which run more repetitions in the 10 s integration
time. We observe that the Ramsey measurements exhibit
photon collection statistics only 0.6 dB above the shot
noise limit, while with rotational up-conversion we mea-
sure photons at 3.6 dB above photon shot noise, which we
attribute to variations in the laser power over the longer
integration times of RU-y. The increased dead-time of
the rotational up-conversion measurement also plays a
significant role. In our experiments, the spin-echo mea-
surement time τ is dictated by the coherence time of the
diamond (and 13C revival time), but the duty cycle is de-
termined by the rotation speed of the motor. The finite
pumping time of the laser readout pulse impinges into the
next period of the rotation, making back-to-back pi/2 and
3pi/2 readouts on alternate periods of the motor difficult
with our current experimental hardware. This effectively
limits the duty cycle 20 %, one 124µs spin echo measure-
ment every two 300µs rotation periods. This effect alone
results in comparable per-unit-bandwidth sensitivities for
static and rotating measurements.
NOISE SOURCES IN UP-CONVERSION
MAGNETOMETRY
It is interesting to examine the sensitivity results from
the previous Section in more detail, since it suggests that
either the up-conversion method is imperfect, or that a
significant amount of noise is being up-converted. We
will now briefly discuss the importance of several noise
sources particular to rotational upconversion, such as
specific technical issues, upconversion of off-axis noise
and imperfect rotation.
In general, we can subdivide the noise sources that
perturb the two-level splitting into in-diamond instrinsic
sensor noise sources that co-rotate with the NV sensor,
such as the surrounding 13C nuclear spins, and extrinsic
environmental noise in the stationary lab frame, such as
drifting magnetic bias fields or temperature variations.
Since the diamond rotates around a particular axis in
space, the up-conversion or suppression of magnetic field
noise is vectorial in nature. In contrast, temperature
shifts are rotationally invariant and not modulated by
sensor rotation, and are therefore eliminated by the spin-
echo sequence. Environmental magnetic field drifts are
either upconverted to the rotation frequency if transverse
to the rotation axis, or eliminated by the spin-echo se-
quence if parallel to it. The latter effect is an added
benefit to using a z−oriented magnetic bias field: drifts
in the amplitude of the bias field parallel to the rotation
axis will not be upconverted to AC, since such drifts ap-
pear as static level shifts in a spin-echo sequence. Noise
or drifts in DC field components transverse to the rota-
tion axis will be upconverted to AC.
A spin-echo sequence applied to a stationary NV refo-
cuses the coherent in-diamond bath noise as well as all
quasi-static DC field perturbations. In the rotating up-
conversion sequence, the same components of bath noise
are refocused, but only one vector component (parallel
to z, the rotation axis) of the extrinsic magnetic noise is
suppressed. An associated benefit is that intrinsic bath
noise, which is typically the dominant contributor to the
ensemble dephasing time T ∗2 , can then be separated from
noise, or signal, in the sensing environment. On the other
hand, up-converted noise may result in a reduced signal-
to-noise ratio of the DC field of interest. The process of
up-conversion, in our case linked to the performance of
the electric motor, may also introduce noise. For exam-
ple, wobbling of the motor spindle or a jittering rotation
period will introduce noise into the upconverted signal.
We have recently used identical apparatus to rotate dia-
monds containing single NV centres [19] that could still
be reliably imaged near the diffraction limit and con-
trolled at up to frot = 5.2 kHz, suggesting the mechan-
ical rotation is of high enough quality to be ruled out
as a significant contribution to noise in the up-converted
signal.
Other experiments have detected evidence of drifts and
current ripple in the bias coils used to create magnetic
fields, which would have a proportionately more severe ef-
fect on rotational up-conversion. Fast current noise orig-
inating from power supply switching (up to ∼ 100 kHz)
will be detectable in a spin-echo measurmement, rotating
or stationary, but not Ramsey with τ < 1µs. Further
work, especially testing in a significantly cleaner mag-
netic environment, is needed to conclusively identify the
role of noise sources in rotational up-conversion when
compared to the Ramsey measurement in this work.
OPERATING SENSITIVITY
The shot-noise limited sensitivity for rotational up-
conversion magnetometry is approximated by
η ≈ pi
γ2C sin θNV
√
τ + tD
τ
(4)
7dS/dB ηOpr ηSN
units 10−3 µT−1 µT Hz−1/2 µT Hz−1/2
Ramsey-y 0.02(1) 35(9) 25
Ramsey-z 1.1(1) 4.0(2) 1.8
RU-y 9.5(6) 5.8(4) 2.3
RU-y (best) 308 - 0.08
TABLE I. DC sensitivity comparisons for the three ex-
perimentally demonstrated techniques and rotational up-
conversion with two simple alterations: measuring for the
whole period of the up-converted field (τ = 300µs) and us-
ing a (100)-cut diamond with θNV = 54.7
◦. The parameters
are response dS/dB, operating sensitivity per unit bandwidth
ηOpr, shot-noise limited sensitivity with operating duty cycle
ηSN.
with C = 0.02 the state readout efficiency, which de-
pends on the photon detection efficiency, the NV den-
sity, the signal contrast and the photon emission rate per
NV [11, 17, 41]. The dead time tD includes the time re-
quired to prepare and readout the NV spin. Table I sum-
marizes the operational and projected shot-noise limited
sensitivity for each technique compared in this work with
our current experimental parameters and limitations. We
note that the duty cycle limitations in our current realisa-
tion (detailed in the previous Section) result in a compa-
rable shot-noise limited sensitivity for Ramsey and up-
conversion magnetometry, a factor of 2 below what we
observed. With these limitations in mind, we can also
calculate the potential of rotational up-conversion with
our demonstrated rotation speeds and collection efficien-
cies but using a diamond sample with two simple alter-
ations: a larger angle θNV = 54.7
◦, which is obtained
by using a diamond with a (100)-cut face and a slightly
longer T2 time so that we may measure for a full period
of the up-converted DC field, τ = 300µs. These simple,
experimentally feasible [42] improvements highlight the
potential of rotational up-conversion, and would lead to a
32 times improvement over the proof-of-principle results
demonstrated in this work. Additional improvements to
DC field sensitivity are detailed in the Discussion.
DISCUSSION
The purpose of this work is to introduce and demon-
strate the feasibility of a new method of magnetic sensing
with NV spin sensors. Rotational up-conversion mag-
netometry in a proof-of-principle stage exhibits the in-
creased sensing time and concomitant improved response
to DC fields compared to conventional Ramsey sensing,
and in a like-for-like comparison (RU-y and Ramsey-
y) exhibits a substantially improved sensitivity per unit
bandwidth. It is worth noting that although not rep-
resentative of the limits of either up-conversion sensing
or DC magnetometry using Ramsey interferometry, the
improvement to transverse field sensing demonstrated
herein is indicative of the benefits to DC sensing our tech-
nique promises. Technical limitations, principally the
low θNV, preclude a sensitivity-per-unit bandwidth com-
parable to optimised AC magnetic sensing experiments,
or exceeding the best Ramsey magnetometry possible in
our setup (Ramsey-z). Ref. [17] provides a comprehen-
sive prescription for improving the magnetometer sensi-
tivity, and Eq. (4) suggests several simple avenues that
could improve the sensitivity of rotational up-conversion
to that demonstrated with AC field sensing experiments.
The experimental duty cycle can be made near unity for
coherence times equal to or exceeding the rotation period
of the diamond, and the need to operate on every second
rotation period can be circumvented with a retriggerable
pulse generator.
Diamonds with a higher NV density could be used,
though a tradeoff exists between the density of the NV
ensemble and the resulting coherence time: high density,
nitrogen-rich samples (N & 1 ppm) increase the number
of participating NV sensors, and thus photon collection
up to a point beyond which T2 is reduced due to in-
teractions with paramagnetic nitrogen centres [17]. For
rotational upconversion to be effective, the minimum re-
quirement is that 1/fmax . T2. For this reason, we con-
sider ensemble densities where NV-P1 interactions are
negligible (nNV . 1015 cm−3) and coherence times are
on the order of rotational periods achievable with our
current motor. Previous work has demonstrated ensem-
bles with natural abundance 13C to have coherence times
of T2 ≈ 600µs [42], and isotopically-pure 12C diamonds
hosting single NV centres have been found to have coher-
ence times of greater than 2 ms [26], still substantially
higher than the corresponding T ∗2 dephasing times of
∼ 100µs. Such long coherence times offer the prospect of
measuring multiple rotations with the speeds possible in
our experiments. For a diamond with T2 = 2 ms and the
maximum rotation speed of the motor (8.3 kHz), almost
17 complete rotations could be observed, and multiple-
pulse sequences such as XY-N or CPMG [41] could be
employed, resulting in a signficant improvement in sensi-
tivity.
The angle θNV between the NV axis and the rotation
axis can also be increased; for example, a (100)-cut di-
amond offers θNV = 54.7
◦. As discussed in in the Ex-
periment section, our demonstration used a (111)-cut di-
amond with small θNV to easily allow a single orienta-
tion class to be isolated and addressed, this issue can
be resolved by using diamonds containing NVs with a
high degree of preferential orientation (> 90%) [43]. Dia-
monds containing all four orientation classes could also be
laser-cut and polished to a preferred angle, allowing for
four independently addressable NV orientation classes,
which would enable vector sensitivity [44] in the rota-
8tional plane. Alternatively, 2D vector sensitivity could be
acheived by measuring a single orientation class at rota-
tion angles separated by 90◦ on alternate rotation cycles,
effectively sampling the up-converted field modulation in
quadrature. Using preferentially-oriented samples would
increase the contrast of the spin-echo signal, since less
non-participating NV centres would be present [34]. A
diamond with an ensemble density of NV centres peferen-
tially aligned along one axis with the same photon count
rate as the diamond used in this work (3×106 s−1) would
yield an order of magnitude improvement in state read-
out efficiency, C = 0.1. Additionally, using an n = 17
pi-pulse sequence at a rotation speed of 8.3 kHz, C = 0.1,
θNV = 54.7
◦ and T2 = 2 ms results in a DC shot-noise
limited sensitivity of 0.3 nT Hz−1/2. This projected sen-
sitivity relates to the same experimental configuration
described in this work, only with a different diamond
sample.
More substantial improvements to photon collection
efficiency by using a larger optical addressing region [20,
45] could allow DC field sensing into the picotesla range,
allowing realistic diamond-based quantum sensors to ac-
cess improved sensitivity to static magnetic fields, and
with the immunity to drifts in the ambient temperature
provided by spin-echo interferometry. Ultimately, up-
conversion offers the prospect of a maximum
√
T ∗2 /T2
improvement in sensitivity. Our demonstration here fo-
cuses on magnetic fields, but equivalent improvements to
static electric field sensing could be possible, where the
direction of the electric field (and strain field) determines
the level splitting [46, 47]. Another interesting extension
concerns geometric phase accumulated by the NV as its
axis is rotated [48]. Although negligible in this work,
in the proposed improvements where the NV axis makes
a significant angle to the rotation axis, geometric phase
accumulation is substantial, up to 2.7 rad for a complete
rotation with θNV = 54.7
◦. We note however that the ge-
ometric phase is otherwise an easily accounted for level
shift that can be cancelled in a spin-echo sequence. Alter-
natively, measurement of geometric phase can serve as a
gyroscope [49], an independent diagnostic of the stability
of rotation as a means of DC field upconversion.
The barriers to achieving superlative magnetic sensi-
tivity with our method are common to many NV mag-
netometry schemes, as the projected sensitivity of our
magnetometer is impacted by fluctuating or drifting mag-
netic bias fields, local magnetic field gradients and local
temperature gradients and drifts. Temperature-induced
shifts are not modulated by rotation, and so may be elim-
inated by the spin echo sequence. The impact of local
magnetic field gradients, a problem which scales with the
size of the optical addressing region, is an issue in most
magnetometers, i.e. as the size of the sensing volume in-
creases so does the impact of field gradients, though with
optimised design of magnetic bias fields can be rendered
manageably small [15].
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